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Abstract

Photocatalysis is a promising technology that can eﬀectively convert the solar energy into sustainable green energy. However, theoretical studies on the molecular
mechanisms of photocatalytic reactions are rare. This thesis is devoted to investigate several typical photocatalytic reactions on the surfaces of the most popular
photocatalysis TiO2 with density functional theory. We start our study with the
characterization of both the free and trapped hole on the surface generated by the
light. The oxidation of physisorbed H2 O molecule by the hole trapped at bridge
oxygen on rutile TiO2 (110) surface has been studied. The hole is found to transfer
to the molecule via the anti-bonding orbital as a result of the hybridization between the hole orbital and the HOMO of the molecule. The energy and symmetry
mismatching between the trapped hole orbital and the HOMO of the molecule
explains why the trapped hole cannot directly transfer to the chemisorbed H2 O
molecule. On the other hand, we have found that the chemisorbed H2 O molecule
can be more eﬃciently oxidized by the free hole with a lower barrier and higher
reaction energy compared to the oxidation by the trapped hole. In this reaction,
the free hole is transferred to the chemisorbed H2 O after the dissociation. This is
diﬀerent from the oxidation of chemisorbed H2 O on anatase TiO2 (101) surface by
free hole, in which the hole is transferred concertedly with the dissociation of the
molecule.
In order to understand the hole scavenger ability of organic molecules, the
oxidation of three small organic molecules (CH3 OH, HCOOH and HCOH) on
anatase TiO2 (101) surface has been systematically investigated. The concerted
hole and proton transfer is found for all these molecules. The calculations suggest
that both kinetic and thermodynamic eﬀects need to be considered to correctly
describe the hole transfer process. The order of hole scavenging power is found to
follow: HCOH > HCOOH > CH3 OH > H2 O, which agrees well with experiments.
Photo-selective catalytic reduction of the NO by NH3 and the photooxidation
of CO by O2 are closely related to the environment application. Both reactions
involve the formation and/or breaking of non R–H bonds. The mechanism for the
photoreduction of NO proposed by experiment has been veriﬁed by our calculations. The role of the hole is to oxidize the adsorbed NH3 into ·NH2 radical, which can
form a NH2 NO complex with a gaseous NO molecule easily. The photooxidation of
CO by O2 is the ﬁrst multi-step photoreaction we ever studied. By combining the
potential energy surfaces at the ground and excited state we have found that the
hole and electron both take part in the reaction. A molecular mechanism which is
in consistent with various experiments is proposed.
v

These studies show that density functional theory is a powerful tool for studying the photocatalytic reaction. Apparently, more work needs to be done in order
to improve the performance of the existing materials and to design new ones that
can take advantage of the solar light more eﬃciently.
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Chapter 1

Introduction

Human activity has been heavily relying on fossil fuels. For the last three decades,
about 80% of our energy needs 1 was met by consuming the fuels at extremely high
speed, and energy shortage is believed to appear in the near future. On the other
hand, the pollutant resulting from the combustion of the fuels and industrial production have raised severe environmental issues. In 2012, about 7 million people
died of the diseases related to air pollution 2 . Energy and environment have become two top crises of modern society. Among various methods and technologies,
photocatalysis is the one that has the potential to tackle both problems properly
by takeing advantage of the inexhaustible and clean solar energy.
A semiconductor which has a fully occupied valence band and an empty conduction band, or a molecule which has discrete energy levels can server as a photocatalyst. The sun light is absorbed by the photocatalyst to create electron-hole
pairs (Figure 1.1). The energy stored in this form can be used in several ways.
One way is to convert it to electric power (photovoltaic cell). Another more attracting and important way is to convert it to chemical energy. In 1972, Fujishima
et al. used it to split water into H2 and O2 3 . Later, CO2 was also successfully
photoreduced into organic molecules by various semiconductors 4 . People start to
realize that photosynthesis can be achieved by using artiﬁcial systems. Solar fuel
has been expected to be the one that might replace the fossil fuels in future 5,6 .
Instead of the creation, another way to use the solar energy is to destroy,
that is to decompose organic compounds 7 . This makes photocatalysis a promising
technology for waste water treatment 8 . Besides, it can also be used to remove the
pollutant gases from the combustion of fuels, such as CO, CO2 , NO, SO2 which are
often harmful to human and animal and can cause a series of environmental problems 9 . Therefore, the photocatalysis could be a crucial technology for sustainable
development of human society in future. The key is to ﬁnd proper photocata1
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Figure 1.1: Semiconductor nanoparticle superimposed with its band structure.

lysts that can harvest the solar light eﬃciently and possesses high activity and
robustness.
Various semiconductors, such as TiO2 , ZnO, CdS and so on have been extensively investigated 6,10 . However, most of them, except for TiO2 , have a fatal
weakness which is the vulnerability against photocorrosion. Aside from photostability, TiO2 is nontoxic, cheap, abundant in nature. Besides, the hole in TiO2
has very high oxidation power towards the decomposition of organic molecules.
These properties of TiO2 have made it the most popular photocatalyst. In fact,
about two thirds of the scientiﬁc work on photocatalysis are more or less related
to TiO2 (Figure 1.2). However, the performance of TiO2 is far from satisfaction
especially in artiﬁcial photosynthesis. Diﬀerent ways have been tried to enhance
the energy conversion eﬃciency of TiO2 by changing its composition and/or morphology with methods such as doping 11,12 , sensitization 13 , decoration 14 and so on.
This can not be successfully achieved without knowing the molecular mechanism
of the photocatalytic reactions.
Recently, experimental eﬀorts have been made trying to investigate some reactions such as photodecomposition of H2 O 15 and CH3 OH 16 , photoreactions of O2
at the molecular level 17–19 . However, there are still limitations in the experiments
nowadays, some underlying mechanisms can only be revealed and better understood by theoretical calculations. For example, the nature of the charge carriers,
and how they transfer to molecules and initiate photoreactions. Surprisingly, theoretical calculations in this ﬁeld are rare. One reason is the insuﬃcient knowledge
about photoreaction at the molecular level, another one lies in the diﬃculties in
theoretical characterization of the role of the photogenerated electron and hole
involved in the reaction.
In this thesis, we present our theoretical eﬀorts on the study of the molecular
2

Figure 1.2: Number of hits each year searched with key words photocataly* (red),
photocataly* and TiO2 (green).

mechanisms for some typical photoreactions on the TiO2 surface. It includes the
photo-oxidation of H2 O molecule and some small organic molecules, the photoreduction of NO with NH3 , the photooxidation of CO by O2 to CO2 . These reactions
contain basic processes of a photocatalytic reaction and are closely related to the
applications of TiO2 in various ﬁelds. The oxygen evolution reaction in water splitting is still under debate and the most puzzling step is the initial one. Some
new ﬁndings were made in recent experimental and theoretical studies. The mechanism proposed by recent experiments was investigated in our ﬁrst work. Overall,
we studied the reaction of physisorbed H2 O with the trapped hole, the reaction of
chemisorbed H2 O with both trapped and free hole on rutile TiO2 (110) surface, and
the oxidation of chemisorbed H2 O by the free hole on anatase TiO2 (101) surface.
It is surprising to see that the mechanisms for these reactions are quite diﬀerent
from each other. Many useful information about the photocatalytic reaction has
been obtained from these studies which will help us to understand the nature of
the photoexcited charge carriers and their interaction with molecules. Another
way to ﬁnd the general rules about the photocatalysis is to explore the same type
of reaction with diﬀerent molecules. We have examined the proton coupled hole
transfer reaction for some small molecules such as CH3 OH, HCOOH, and HCOH
on anatase TiO2 (101) surface. Another two studies concern the treatment of pollutant gases NO and CO. The molecular mechanism for the photoreduction of NO
proposed by experiment was veriﬁed by our calculations. For the photooxidation
of CO by O2 , we proposed a molecular mechanism which is in consistent with
existing experiments.
3
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From these studies, it is interesting to see how complicated the photocatalytic
reactions can be and how powerful the ﬁrst-principles method is in investigating
them. Before going into details about our works, an introduction about TiO2
and principles of the photocatalysis will be given in Chapter 2, the key processes
from the generation of the charge carriers to their transfer to molecules will be
discussed. The theoretical methods we used and the treatments of those key processes in theoretical studies are presented in Chapter 3. The interaction between
the TiO2 surface and some small molecules which is important in understanding
their photo behavior will be introduced in Chapter 4. The results of our studies
on photocatalytic reactions included in this thesis are summarized and discussed
in details in Chapter 5. Finally, Chapter 6 gives a short summary and outlook.

4

Chapter 2

TiO2 and photocatalysis

2.1 Introduction of TiO2
TiO2 is a popular material which has wide applications in many diﬀerent ﬁelds 20 :
it usually serves as a support substrate for the metal particles in heterogeneous
catalysis; its stability makes it a perfect corrosion-protective coating material; its dielectric properties makes it an important material in electronic devices; the
semiconductor nature also makes it a potential gas sensor; it is also used as a good
white pigment in paint and cosmetics for its high refractive index. In fact, TiO2 was
brought into the ﬁeld of photocatalysis long time ago since it was found responsible
for the ”chalking” of the paints (the organic complex in paint be photodecomposed
from TiO2 ). However, it did not become the star of the photocatalysis until Fujishima and Honda used it to successfully decompose H2 O 3 in 1972. On one hand,
enormous eﬀorts have been devoted to enhance its energy eﬃciency; on the other hand, it has been widely applied in ﬁelds of waste water treatment 8 and air
puriﬁcation 9 , self-cleaning 21 and anti-foggy 22 where photocatalytic processes are
believed to play important roles. The photocatalysis related issues on TiO2 can
be found in good recent reviews by Fujishima 22 and Henderson 23 . In this chapter,
A brief introduction on the geometric structures and electronic properties of TiO2
will be given followed by the basic principles and key processes of photocatalysis
on TiO2 .

2.1.1 Geometric Structure
There are three forms of polymorph TiO2 in nature: rutile, anatase and brookite.
Their geometric structures are shown in Figure 2.1. In all three phases of TiO2 ,
Ti atom is surrounded by six O atoms forming a octahedral. Diﬀerent ways of
5
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packing the octahedrals result in the three types of crystal structure: in rutile,
the octahedral shares apex with neighboring ones, in anatase they share edge, and
in brookite they share edge and/or apex. Rutile is the most stable phase as bulk
material, the other two forms of TiO2 can transform to rutile when heated to high
temperature. But as nanoparticles, the anatase become more stable than the rutile.
Most studies have been focused on rutile and anatase. Usually, anatase is suggested
to have higher chemical activity than rutile 20 . Most commercial products of TiO2
are mixtures of rutile and anatase because the mixed phase usually outperform
any of the individual phase.
Anatase

Rutile
Brookite

Figure 2.1: Unit cells of three polymorph of TiO2 : rutile, anatase and brookite,
the upper part is the atomic structure, grey and red balls represent the Ti and
oxygen atoms respectively; the lower part shows the packing of the octahedral.
Rutile is abundant in nature, and it is easy to get large crystal sample of it,
which is why most of the studies on the surface involve rutile. According to its Wulf
structure 24 (Figure 2.2 (a)), the (110) surface is its most thermodynamic stable
facet. As shown in Figure 2.2 (c), the rutile (110) surface consists of alternative
bridge oxygen (Ob ) row and ﬁve-fold coordinated Ti (Ti5c ) row. Usually, there
are bridge oxygen vacancies (Ov ) on the surface with a coverage about 6%. The
Ov has been shown to be an active center for chemical reactions 20 such as the
dissociation of H2 O, the adsorption of O2 and the oxidation of CO. For anatase,
its most stable facet is the (101) surface that contributes about 90% of the exposed
surface for anatase crystal 25 (Figure 2.2 (b)). Its structure is shown in Figure 2.2
(d). Diﬀerent from the rutile (110) surface, the anatase (101) surface is stable
6
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and chemically inertial. Oxygen vacancies tend to appear in the subsurface 26 , and
molecules usually prefer to adsorb associatively on the surface 27 .
(a)

(b)

(001)

(001)
(011)
(101)
(101)
(011)

(110)

(101)

(100)

(1 10)

(c)

(011)

(d)

Ti5c

O2f

Ob

Ti5f

Figure 2.2: Wulf structure of rutile (a) and anatase (b). Reprinted from Ref. 24
c
and Ref. 25 . Copyright ⃝2014
American Physical Society. Atomic structure of the
rutile TiO2 -(110) and anatase TiO2 -(101) surface are shown in (c) and (d).

2.1.2 Electronic Structure
The Ti atom is in the octahedral crystal ﬁeld created by the six oxygen atoms
around it. Therefore, its ﬁve degenerate d orbitals split into two groups: the
eg group containing dx2 −y2 and dz2 , and t2g group that includes the rest three d
orbitals (dxy , dyz and dxz ). The hybridization of the d orbitals with the p orbitals
of oxygen atoms produces the material’s electronic structure. Projected density of
states of TiO2 are shown in Figure 2.3, its conduction band is mostly derived from
the d orbitals: the bottom is mainly from eg orbitals and higher energy states from
t2g orbitals. The electronic state on the top of the valence band of TiO2 is mostly
derived from the p orbital of oxygen atoms. Although, d orbital also contributes
to the deep valence band, the p orbital character determines the nature of the
photoexcited hole and the d orbital determines the nature of the photoexcited
electron.
Usually, bulk TiO2 is an n-type semiconductor, defects such as oxygen vacancy
and Ti interstitial atoms could produce gap states below the conduction band. An
7
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Figure 2.3: PDOS of Ti and O atom in bulk rutile and anatase

oxygen vacancy will contribute two and Ti interstitial gives four extra electrons
to the system. Depending on the degree of the reduction, the color of TiO2 can
vary from white to dark blue 28 . There has been arguments about the main source
of the gap states. Experimental evidences support the co-existence of the oxygen
vacancy 29 and Ti interstitial 30 . Therefore, which form of defects dominates seems
to depend on the treatment of the material. Near the rutile (110) surface, the
oxygen vacancy is usually believed to be the major source; while in the bulk
material, theoretical calculations suggested that Ti interstitial could become the
dominating contributor only when the temperature is higher than 1500 K 31 .
The spatial location of the defect states has also been investigated by several
theoretical works. For the oxygen vacancy on the rutile (110) surface, the extra
electron was predicted to localize at the under-coordinated Ti atom from the hybrid
functional calculations 32 ; whereas DFT+U calculations suggested the subsurface
Ti atom to be the most favorable site 33 . The diﬀerence may come from the diﬀerent
8
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choice of supercell in these two works. In fact, experiments showed that even if the
extra electrons are injected by Na atoms, they will still localize at the subsurface
Ti atoms 34 . However, the energy diﬀerence for trapping at diﬀerent sites is quite
small. And the dynamic simulations have shown that the electron is quite mobile 35 .
It hops between diﬀerent Ti atoms and with the biggest possibility to appear at
the subsurface Ti.

2.2 Principles of photocatalysis on TiO2
Photocatalysis is closely related to electrochemistry. The device used by Fujishima
and Honda to split the water is similar to an electrochemical cell 3 , in which TiO2
served as the anode and platinum served as the cathode. In electrochemistry, an
external bias voltage is usually applied to maintain a potential diﬀerence between
the anode and the cathode, which allows the oxidation and reduction to happen.
Whereas in photocatalysis, such a potential diﬀerence is created and maintained
by the illuminating light that pumps the electrons in the semiconductor’s valence
band to its conduction band (Figure 2.4). The valence band maximum (VBM) determines its oxidation potential and the conduction band minimum (CBM) determines its possible maximal reduction potential. The external bias is not necessary
if the redox potentials of the redox couples are within the band gap of the material.
Therefore, TiO2 itself can be used alone and the oxidation and reduction reaction
which initiated by the photogenerated hole and electron occurs on diﬀerent region
of it. Sometimes, metal particles are loaded on TiO2 which can serve as an local
cathode in the reaction. The electrochemical cell set up is still useful if an external
bias is needed to overcome the over potential of the reaction. But in most cases,
TiO2 is used alone as in colloidal especially in its applications in various ﬁelds (not
in solar cell).
Figure 2.5 shows the basic processes of photocatalysis on TiO2 . As a semiconductor, the valence band of TiO2 is fully occupied and its conduction band is
empty. Under UV illumination, the electron in the valence band will be excited to
the conduction band within 10 fs 22 . If the energy of the photon is larger than the
band gap, the hot electron and hole are created, and they will relax to the band
edge at the time scale of sub-picosecond (thermalization). The relaxed electron
and hole do not always stay at the band edge. Three processes can happen: trapping, recombination, and transfer to molecules to initiate reactions (trapped charge
carrier can also transfer to molecules). Apparently, the charge transfer process is
the core of photocatalysis, many factors aﬀect this process and contributes a lot to
the complexity of the photocatalytic reactions. On the other hand, other processes
9
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eV

CB
H+ /H2
hv
H2O/O2

VB

Figure 2.4: Schematic view of the photo-electrochemical cell set up.

will also greatly aﬀect the performance of the material and the mechanism of the
reactions.
For example, the excitation determines which part of solar energy that can be
harvested by the material; the trapping of the excited charge carries reduces their
mobilities, the nature of the trapped carrier is diﬃcult to be characterized and it
Conduction Band
2
5

3
1

6

H+/H2

6

H2O/O2

4
1
3

5

2
Valence Band

Figure 2.5: Key processes in photocatalysis on TiO2 : 1 excitation, 2 thermalization, 3 trapping, 4 recombination, 5 direct charge transfer and 6 indirect charge
transfer.
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is one of the major problems in theoretical study on photoreactions; the recombination will reduce the number of the excited charge carrier and will deﬁnitely
compromise the performance of the material. From the excitation of charge carriers to the completion of photoreaction, every step needs to be considered to fully
understand the mechanism of the reactions. Therefore, each process mentioned
above will be discussed in detail in the following sections.

2.2.1 Light Absorption and Excitation
The band gap of TiO2 is about 3.0 eV, which means it can only absorb the Ultraviolet light that only contributes 4% to the solar light. After the absorption of
light, an exciton state, which is a bounded state of the photoexcited electron and
hole, is usually formed. It is not very stable and can be easily splitted by temperature ﬂuctuation and electric ﬁeld. Therefore, it is diﬃcult to study its lifetime,
or characterize its role in photocatalytic reactions. Besides, the photoreaction is
usually described by the ”independent” electron and hole. For example, reactions
are referred to be initiated by either electron or hole. Therefore, we are not going
to consider the exciton in this thesis.
To enhance the light harvest eﬃciency of TiO2 , much eﬀort has been dedicated
to narrow its band gap. Doping of TiO2 with various non-metal elements such as
N, C, B can produce new states above the VBM 12,36,37 , and doping with metal
elements such as Cr, Co and other transition metal will usually produce new states
below the CBM of TiO2 11 . Several works showed that co-doping with metal and
non-metal elements can greatly extend the light adsorption 37–40 to visible light
region. C-doped TiO2 shows a eight-fold enhancement of the photoconversion
eﬃciency 40 ; co-doping with W will even outperformed the C-doped TiO2 for water
splitting 41 . Yet, the eﬃciency of the material is still far from satisfaction.

2.2.2 Thermalization
If the energy of the photon is larger than the band gap, the electron on the top
of the valence band can be excited to higher energy level above the bottom of
the conduction band. Similarly, hot hole can be also created below the top of the
valence band. These hot charge carries have higher reduction (the electron) and
oxidation (the hole) power than those at the band edge. If they can stay there,
the photocatalytic properties of the material can be tuned by changing the wave
length of the illuminating light. Unfortunately, in most cases, the hot electron will
relax to the CBM and the hole to the VBM with the energy released as heat.
11
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Thermalization of hot electron has usually been studied by injecting them via
photoexciting dye molecules and then tracing them from two photon absorption
spectra. It was found that the thermalization happens in 10 fs time scale on the
rutile (110) surface 42 , while it is much slower in the nanoparticle 43 (300 fs). It is
harder to study the thermalization of the hole because there is no material can be
used to inject hole into TiO2 . But some studies indicate that, in some cases, the
hole transfer or trapping can precede the thermalization 44,45 . This suggests that
the non-thermalized hole may need to be taken into account in some reactions.
The possibility and extend for this to happen is largely dependent on the donor’s
redox potential 46 .

2.2.3 Trapping
After the thermalization, if the charge carriers stay at the band edge, they will
remain delocalized. However, these charge carriers will undergo localization in
sub-picosencond after light exciation 47 . The trapped charge carrier appears as a
localized state in the band gap 48–50 . Most photoreactions take place in a time scale
range from nanosecond to microsecond, thus, it is believed that they are initiated
by the localized charge carriers 22 . It is therefore essentially important to know the
nature of the trapped charge carrier. For example, if the trapping energy is too
large, the redox power of the electron will decrease signiﬁcantly; if the electron
(hole) is shallowly trapped it will be easily excited back to the conduction band
(valence band). On the other hand, trapping helps the separation of the electron
and hole, and generally enhances the eﬃciency; however, if the trapping site is
not favourable for the charge transfer to the molecule then it may have a negative
inﬂuence on the reaction.
Electron paramagnetic resonance (EPR) has been applied frequently to detect
the trapped electrons and holes. It was found that the photogenerated electrons
and the excess electrons produced from the creation of oxygen vacancy result in
the same Ti3+ EPR signals 51 . And theoretical calculations on the rutile TiO2 (110)
surface suggested that the excess electron tends to localize at the subsurface Ti
atoms 33 .
For the hole, the results are much more controversial. Many candidates have
been proposed from EPR experiments. For example, the subsurface oxygen under
a surface hydroxyl 52 , the terminal oxygen radical 53 , the lattice oxygen 54 , and the
hydroxyl group 55 . Transient adsorption experiments suggested that there are at
least two types of trapped hole in anatase 56 , the shallow hole in thermal equilibrium
with the free hole, and the deep hole. However, the nature of both hole species
12
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are unknown. Theoretical studies suggested that the hole tends to localize at
least-coordinated oxygen atom on the anatase (101) surface 57 . While the hydroxyl
group was found to be more favorable than the bridge oxygen atom on the anatase
(101) surfaces.
In our work, we found that the bridge oxygen is the most stable trapping site
for the hole 58 . And we studied its reaction with both physisorbed and chemisorbed
H2 O molecule in paper I and II.
2.2.4 Recombination
Another aspect that inﬂuences the activity is the life time of the excited charge
carriers. The excited electron will recombine with the hole through the radioactive
and nonradioactive channels (the ratio of the two ways is hard to determinate),
usually the nonradioactive channel is the dominate one.
Conduction Band

b
a

d
c

Valence Band

Figure 2.6: Four types of recombination process.
Recombination will greatly compromise the performance of the catalyst. To
suppress the recombination, we have to know the factors that inﬂuence the recombination. However, there is no systematic study on its relation with the type and
density of recombination center yet. In principle, both free and trapped electrons
can recombine with the free or trapped hole (Figure 2.6). It was found that on
P25 TiO2 , the recombination occurs at the particle interface as the free electron
recombines with the trapped hole 59 (type b in Figure 2.6). Therefore, from photoluminescence, Nakamura et al. proposed that the trapped hole orbital should
13
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be at 1.5 eV above the VBM 54 . At the same time, they found that the photoluminescence only happens on the ﬂat surface at the atomic level. This maybe the
reason why the nonradioactive is usually the dominate way of recombination. Du
et al. found that the volume to surface area ratio determines 60 the recombination
rate because the volume of the particle determines the adsorption and the surface
area basically determines the recombination.
To suppress the recombination, TiO2 is usually decorated with metal nanoparticles which will capture the excited electrons. The Schotty barrier is believed
to prevent the electrons from jumping back to semiconductor for recombination.
Sometimes one type of charge carrier scavenger can be added as sacriﬁce species to
enhance the lifetime of the other type of charge carrier. For example, methanol 61
is usually used as hole scavenger and O2 and H2 O2 can eﬃcient consuming the
excited electrons 62 .
2.2.5 Charge Transfer
The core of photocatalysis is the transfer of charge carriers to the molecules and
initiate the reactions. To understand the charge transfer process is to characterize
the role of the charge carrier in the reaction. To do so, there are several questions about charge transfer need to be answered: what is the direction of charge
transfer and the transfer rate? is it transferred directly or indirectly? what is the
timing of charge transfer? The answers to these questions are closely related to
the mechanism of the reactions.
Thermodynamics and Kinetics
The First question is about the thermodynamics and the kinetics of the charge
transfer. What determines the direction of charge transfer? In electrochemistry,
the redox potential are used as a measure of the tendency for chemical species to
obtain electrons. It is usually described with half cell reaction. For example:
A + ne− → B

(2.1)

The redox potential of the redox couple A/B is deﬁned by the reaction free
energy △G. For the simplest case, n = 1 and B = A− , △G is just the electron
aﬃnity Ea . According to Koopman’s theory, Ea can be estimated by the orbital
energy of LUMO ϵLU M O . And for solid, △G equals to the work function of it.
Therefore, if the LUMO of the molecule is below the Fermi level of the solid,
electron will transfer from the solid to the molecule.
14
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In photocatalytic reaction, the electron is excited from the valence band to
the conduction band, which greatly enhances the reduction power of the electron.
Thus, it is the relative position of the CBM of the semiconductor and the LUMO
of the molecule determines whether the molecule can be photoreduced. However,
because the Koopman’s theory does not taken into account the relaxation, -Ea is
usually large than -ϵLU M O , especially for small molecules. So even if the LUMO
of the molecule is above CBM, it might still be reduced as long as the redox potential of the redox couple A/A− (Erp (A/A− )) is below it (Figure 2.7 (a)). The
energy gain (∆Gred ) from this reaction is the energy diﬀerence between Erp (A/A− )
and EBCM (energy of the BCM). Similarly, the energy gain for a photo-oxidation
reaction (∆Goxid ) equals to the energy diﬀerence between Erp (A/A+ ) and EV BM
(energy of the VBM). And the positions of the band edges of semiconductor determine the type of reactions it can drive. It is worth mention that the redox
potentials are usually known for aqueous species, they could be diﬀerent from that
for chemisorbed species on the surface, i.e. △G of the charge transfer reaction 2.1
in solution could be diﬀerent from that on surface.
(a)

Conduction
Band

LUMO
Ex

λ

ΔGred

A/AA/A+

ΔGoxid
λ
Ex

HOMO

Valence Band

(b)
D-A

Ex
λ
ΔGa
ΔGo

Figure 2.7: (a)Energy diagram for charge transfer process, (b) energy diagram
for a simpliﬁed version of Marcus theory for charge transfer.
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For redox reactions that do not involve the formation and/or breaking of chemical bonds, the interfacial charge transfer can be described by Marcus theory 63,64 ,
in which the charge transfer rate is proportion to e−∆Ga /kB T . The activation free
energy ∆Ga = (λ+∆G0 )2 /4λ, where ∆G0 is the reaction free energy and λ is called
the reorganization energy (Figure 2.7 (b)). For molecule whose HOMO is below
the VBM of the photocatalyst, the vertical excitation energy Ex (which equals to
λ + ∆G0 ) roughly equals to the energy diﬀerence between the ϵHOM O and EV BM
((Figure 2.7 (a)). Therefore, if the HOMO of the molecule lies too deep below
the VBM of the semiconductor, the charge transfer may be hindered kinetically.
However, it needs to be mentioned that the discussion here only applies to pure
charge transfer without the breaking or forming of chemical bonds. The electronic
structure of the molecule may largely depends on its molecular structure. For example, the HOMO of the molecule may upshift a lot after the breaking of a single
chemical bond. In this case, the charge may be transferred concerted with or after
the breaking of the bond. The exact timing of the charge transfer greatly relies on
the potential energy surface for the breaking of the bond at the ground state.
Therefore, the photo-behavior of the molecule is closely related to its electronic and chemical properties at the ground state. The adsorption conﬁguration of
the molecule is important because it largely aﬀects the electronic structure of the
molecules, which in turn aﬀects the molecular mechanism of the reaction greatly.
For example, the dissociatively adsorbed methanol is found to be a stronger hole
scavenger than associatively adsorbed one 65 . While for formic acid, the opposite
result was found 66 . For dissociated methanol, Wu et al found that it can adsorb
in both monodentate and bidentate ways 67 . Although the bidentate one is more
stable than the monodentate one, the FTIR experiments found that the activity of
the molecules in monodentate is higher than that in bidentate by 50%. Even the
coverage of the molecules could be a very important factor, because the adsorption
conﬁguration may change greatly with the coverage. For example, the decomposition rate of TMA was found to decrease with the increased coverage 68 , but it
increases again when the coverage is higher than 0.5 monolayer. This is because
the TMA molecules tend to form a linear structure at mediate coverage which is
stable under light illumination; but as the coverage increased, the molecules are
too close to each other and become unstable. Therefore, before the study of photocatalytic reactions, we usually have to understand the electronic and chemical
properties of the molecules at the ground state. In Chapter 4, the interaction of
the molecules involved in this thesis with TiO2 surfaces will be presented.
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Direct or Indirect
Trapping of the photogenerated electron and hole is also an important process
that can occur within picosecond after photoexcitation. Both the free and trapped
charge carriers can transfer to molecules and they are usually referred to as direct
and indirect charge transfer 69–71 . For example, 30% of formate was proposed to
be oxidized by ·OH (hole trapped at OH− ) and the rest by the free hole 72 . For
phenol, it was found that the molecules are oxidized by the hole ﬁrst and in the
subsequent steps the ·OH dominates 73 .
For the hole, it is suggested that the free hole (and shallow hole which is in
equilibrium with the free hole) reacts more eﬃciently with chemisorbed molecules
for its high mobilities and oxidation power, while the trapped hole reacts more
eﬃciently with physisorbed molecules due to its localized nature 74,75 . For the
electron, Beger et al. found that the majority of the photoexcited electrons stay
in the conduction band, both the free and trapped electrons can transfer to O2
molecules 51 . Piero et al. found that the electron transfer to physisorbed O2 is slow
(microseconds), and the transfer of trapped electrons dominates 76 .
In paper II, we compared the direct and indirect hole transfer on the rutile
TiO2 (110) surface to a chemisorbed H2 O molecule. The direct transfer was found
to have a lower barrier and a higher reaction energy.
Timing
The timing of the charge transfer is the most diﬃcult part to be determined.
For example, many reactions are usually multi-stepped, exactly at which step is
the charge transferred greatly inﬂuence the mechanism of the photoreaction. Most
of our works are about the oxidation of RH type molecules. First step of the
reaction for RH molecules is the proton coupled hole transfer. This process could
be concerted (reaction 2.2) or sequential. For sequential process there are two
possibilities: hole transfer prior to proton transfer (reaction 2.3 and 2.4) or the
opposite (reaction 2.5 and 2.6).
RH + h+ → R• + H +

(2.2)

RH + h+ → (RH)+

(2.3)

(RH)+ → R• + H +

(2.4)
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RH → R− + H +

(2.5)

R − + h+ → R •

(2.6)

The mechanism of the process for diﬀerent molecules (even same molecule but
react with diﬀerent form of the hole) could be diﬀerent. It is diﬃcult to be revealed
by experiments. In theoretical calculations, it can only be determined after the
potential energy surface of the reaction and the charge transfer along the reaction
path have been fully determined.
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Chapter 3

Methods

3.1 Theoretical methods
3.1.1 Hartree-Fock and DFT
According to the principles of quantum mechanics, we only need some basic information such as the atom types and positions, spin multiplicity, and charge of
the system to construct its Hamiltonian; then solving the Schrödinger equation
will give us the wave function which determines the basic properties of the system.
But as mentioned by Paul Dirac, ”The fundamental laws necessary for the mathematical treatment of large parts of physics and the whole of chemistry are thus
fully known, and the diﬃculty lies only in the fact that application of these laws
leads to equations that are too complex to be solved.”
Two categories of methods have been developed, the Hartree-Fock (HF) and
density functional theory (DFT). Both methods apply the Born-Oppenheimer approximation, in which the fast moving electron’s motion is separated from that of
the slow heavy nucleus. In HF method, the electron is assumed to be moving in
the mean ﬁeld created by other electrons, the total wave function can be expressed
as a Slater determinate of the spin-orbitals in order to satisfy the Pauli-exclusion
principle. The partial diﬀerential equation that governs the spin-orbital can be
derived from variation principle which is then solved in a self-consistent way. The
problem is that the correlation of electrons is not included in the HF calculation.
To do this, higher level theory such as perturbation method (MP2, MP3, ..., MPn),
conﬁguration interaction (CI), and coupled cluster (CC) must be used. However,
these methods, especially the CI and CC are usually so expensive that they are
usually only applicable to small molecules or clusters. It is not realistic to use them
to study the photocatalytic reactions in which large system need to be considered
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in order to well present the semiconducting substrate and the molecule.
In DFT , the density of the system is taken as the basic variable. The
Hohenberg-Kohn (HK) theorem I and II set the base stone of DFT 77 . According to HK theorem I, the external potential (Vext ) of any interacting system is
uniquely determined by its ground state particle density to a constant. Once the
Vext is determined, the Hamiltonian of the system and all the properties of the
system are determined by only the ground state density ρ. The HK theorem II
says that for any Vext , it exists a universal functional F [ρ] such that the energy
functional:
∫
E[ρ] = F [ρ] +

ρ(r)Vext dr

(3.1)

F [ρ] = T [ρ] + Vee [ρ]

(3.2)

obtain its minimum at the the ground state density.
The problem is that the exact form of F [ρ] is unknown. To be able to apply
the theory to real system, Kohn and Sham introduced a non-interacting system
that has the same density with the interacting system as a reference 78 . Its kinetic
energy can be written as:
Ts [r] =

∑

⟨ϕi (r)| − 1/2∇2 |ϕi (r)⟩ρ(r) =

i

∑

|ϕi (r)|2

(3.3)

i

where ϕi (r) is called Kohh-sham orbital, then the energy functional of the interacting system can be recast as:
∫
E[ρ] =

Vext (r)ρ(r)dr + Ts [ρ] + J[ρ] + Exc [ρ]

(3.4)

∫
where, J[ρ] = 1/2 ρ(r)ρ(r)/|r − r′ |dr is the Coulomb interaction, and Exc [ρ] =
(T [ρ] − Ts [ρ]) + Vee [ρ] − J[ρ]) is the exchange-correlation energy.
The variation of the Exc to ρ is called the exchange-correlation functional:
Vxc = δExc /δρ(r)

(3.5)

Kohn-Sham equation which governs the Kohn-Sham orbital can be derived
via the variation principle:
[−1/2∇2 + Vext (r) + VCoul (r) + Vxc (r)]ϕi (r) = εi ϕi (r)
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where the
∫
VCoul (r) =

ρ(r)/|r − r′ |/dr′

(3.7)

Therefor, once we know the Vxc , the Kohn-Sham orbital can be obtained by
solving the Kohn-Sham equation in self-consistent ﬁeld method. The Kohn-Sham
orbital can then be used to get the density and the energy of the interacting system.
It seems that we are replacing the question of ﬁnding the F[ρ] with the problem of
ﬁnding Vxc . However, the Vxc can be constructed from other ways. For example,
for homogeneous electron gas, the exchange and correlation are local. Kohn-Sham
suggested to use it to approximate the real system’s Vxc . It has been proved to be a
big success for solid state. But DFT has still problems, such as overestimating the
bonding energy, self-interaction error, band gap problems and so on. To improve
the Vxc , the density gradient and other high order terms such as the Laplacian of
the density and/or the kinetic energy density and so on 79 should be included into
Vxc .
It is worth noting that the Kohn-Sham orbital is not real molecular orbital,
but it is usually a good approximation of it. The energy levels and shapes of the
Kokh-Sham orbitals usually agree well with those from various methods 80 .
3.1.2 DFT+U
One problem in DFT is the self-interaction error which is not completely compensated in the energy functional as in HF method. One eﬀect of this error is that
the electronic states tend to delocalize. This is one of the major reasons why local
spin density approximation (LSDA) fails to describe the transition metals which
usually have highly localized d or f electrons. On the other hand the transition
metal can be well described by Hubbard 81 and Anderson model 82 which use a
Hubbard U term to describe the on-site interaction for the d and f electrons:
1 ∑
EU = U
ni nj
2 i̸=j

(3.8)

where ni is the occupation number for orbital i. If we add this term into the
Hamiltonian in DFT, the electron-interaction will be double-counted 83 . As a rough
approximation, the double counting can be expressed as E dc = U ∗ N (N − 1)/2,
∑
where N is the total number of on-site electron (N = i ni ). Then,
E = EDF T + E U − E dc
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The orbital energy ei (N) of orbital i can be obtained by the derivative of E to
its occupation number.
1
ei (N ) = ∂E/∂ni = εDF T + U ( − ni )
2

(3.10)

Thus, the occupied orbital will be downshifted and the unoccupied orbital
orbital will be upshifted by U/2.
Apparently, the treatment of E U and E dc here is too simple. Depending on
the way they are dealt with, diﬀerent DFT+U methods have been developed. For
example, the earliest version is the HMF ( Hubbard model in mean-ﬁeld approximation) 84 , along with SIC (approximated self-interaciton correction 85 ) and AMF
(around mean-ﬁeld) methods 86 can be found in the software WIEN2K. In VASP, a
rotationally invariant 87 and simpliﬁed rotational invariant version 88 are implanted. The simpliﬁed rotational invariant method has only one eﬀective parameter
U-J, where J is the exchange parameter. This makes the analysis simpler, and the
calculation in this thesis only use this method.
Although, DFT+U method was ﬁrst designed to treat the interaction of localized d and f electrons, it has also been applied to p electrons in many metal oxides
such as ZrO2 89 , SiO2 90 , MgO 91 , TiO2 and so on 92 . It has been found that the U
correction on the p orbital also enhance the agreement between theoretical calculation and experiment 93 . A generalized Koopman’s theory has been proposed to
choose a proper U(p) for the material 92 . However, it is usually believed that there
is no single U that can describe all the properties of the material well. Therefore,
diﬀerent U values are applied in the calculations to get the general pictures.
In this thesis, the DFT+U with U corrections to both O-p and Ti-d states was
applied in the reaction of H2 O with hole on rutile (110) surface. In other studies,
the calculations are all at GGA level because we only considered the reaction of
adsorbed molecules with the free hole.
3.2 Special aspects in theoretical study of photocatalytic reactions
As mentioned in Chapter 2, the key process in photocatalytic reactions include:
excitation of the TiO2 to generate the electron-hole pair, thermalization of hot
charge carriers, trapping, recombination, and charge transfer. In theoretical calculations, the thermalization can be dealt by just assuming that the electron and
hole have already relaxed to the band edge; the recombination can be completely
neglected since it does not involved in the reaction. For the excitation, we don’t
need to know exactly how the photon is absorbed and electron excited, but we
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need to describe the excited substrate. Because both the free and trapped charge
carriers can transfer to molecules, we need to characterize them by choosing a
proper surface model. To understand the mechanisms of photocatalytic reactions,
the detailed potential energy surface (PES) and the dynamics of the the charge
carrier along the reaction path need to be explored. The theoretical treatment of
these three processes will be described in detail in this section.

3.2.1 Excitation
The photochemistry is more diﬃcult to study than normal reaction because the
excited state potential energy surfaces need to be studied as well. In principle,
photocatalytic reactions can be treated in similar way. However, in photocatalysis,
the role of the light is viewed to create electron-hole pairs. Instead of looking them
as an excited state problem, photocatalytic reactions usually are described in terms
of the interaction between the excited electron and hole with molecules. This
makes sense because excited electrons are usually conducted to another electrode
in experiments or separated from the hole by distributing over diﬀerent regions on
TiO2 . The problem about how to describe the excite state of the system converts
to a problem about how to introduce extra electron and hole into it.
First, we can create the electron hole by bring the system into excited state
as one does in photochemistry. The singlet state (Figure 3.1 (a)) should dominate
because of the spin selection rule in photoexcitation. However, DFT is a ground
state theory that can only describe the lowest energy state at the corresponding
spin multiplicity. It is impossible to obtain the singlet excited state with DFT.
Therefore, we used the ﬁrst triple state to mimic the singlet excited states (method
I) by forcing the net number of spin-up electrons (Nup - Ndown ) to two (Figure 3.1
(b)). The diﬀerence between the singlet and triplet state should be quite small for
a system contains large number of electrons. Besides, usually only one type of the
charge carrier is involved in the reaction, the ﬂip of the spin of the other charge
carrier should not have much inﬂuence on the reaction.
In fact, we can ignore one type of charge carrier and just introduce the other
type. One method is to charge the system, but in calculations a compensated
homogeneous background charge will be introduced to keep the whole system in
neutral. The eﬀect of this background charge is diﬃcult to estimate. Instead, we
can just introduce one type of charge carrier by changing the stoichiometry of the
system (method II). For example, we can inject an electron by the adsorption of
a H atom (Figure 3.1 (c)) to the surface oxygen atom, or inject a hole (Figure 3.1
(d)) by the adsorption of an hydroxyl radical. DFT+U calculations have conﬁrmed
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Figure 3.1: (a)singlet excited state; (b) triplet excited state; (c) TiO2 +H, H is
used to inject a electron to the bottom of the conduction band; (d) TiO2 +OH, OH
is used to inject a hole; High spin(e) and low spin (f ) coupling state between the
triplet TiO2 and a molecule with an unpaired electron; (g) TiO2 +H with a molecule
with an unpaired electron; (h)TiO2 +OH with a molecule with an unpaired electron.

that the extra electron injected in this way will be trapped at the same site with
that by directly adding a negative charge 33 .
Method II can turn the photocatalytic reaction into a ground state problem.
In addition, this method has several advantages over method I. First, it is easy
to treat multi-electron or multi-hole reactions by just changing the number of
adsorbed H atoms or OH groups. Second, the triplet treatment of the substrate
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makes it impossible to study the reaction when molecules with unpaired electron
are involved. For example, NO has an unpaired electron, it can react with both
electron and hole. If the substrate is in triplet state, the molecule and substrate can
couple into doublet or quadruplet state. In quadruplet state (Figure 3.1 (e)), NO
can never react with the electron or hole; while in the doublet state (Figure 3.1 (f)),
the electron in the conduction band will go back to the valence band spontaneously,
resulting in weak adsorption of NO at the ground state. But with method II, the
reaction of NO molecule with the electron and hole now can be separated by
choosing H or OH to inject electron or hole (Figure 3.1 (g-h)). Thirdly, method II
will allow us to maintain the hole delocalized at DFT+U calculation; whereas in
method I, the electron and hole are always localized. Thus, we can compare the
behavior of trapped and free charge carrier with method II as we did in paper II.

3.2.2 Surface Model and Nature of Excited Electron and Hole
As we mentioned in last chapter, both the free and trapped charge carriers can
transfer to molecules and initiate reactions. And the characterization of these
charge carriers is one of the major diﬃculties in theoretical studies of photocatalytic
reaction. Because most of our works are about the reaction of molecules with the
hole, we will just focus on the characterization of the free and trapped hole.
The free hole is assumed to relax to the VBM, and it can be presented as an
unoccupied orbital on the top of the valence band in calculations. Therefore, it
is essential to chose a reasonable surface model that has a proper orbital at the
VBM (hole orbital). In ﬁrst-principles calculations for surface chemistry, a slab
model with one side ﬁxed to mimic the bulk has been frequently used to present a
surface. We found that the ﬁxed side of the slab will produce a surface band 0.4 eV
above the VBM of rutile (110) surface. As show in Figure 3.2 (a), the hole orbital
on this surface model is mainly localized at the bridge oxygen atoms on the ﬁxed
side. This is usually ﬁne for the calculation of the ground state properties because
molecules are adsorbed on the relaxed side and their orbitals do not have signiﬁcant
overlap with the surface states on the ﬁxed side. However, in the photocatalytic
reaction, this kind of hole does not exist in real system. It has lower oxidation
power than the real valence band hole, therefore it is not appropriate to used it in
the excited state calculation
In order to remove this surface state, one can saturate the ﬁxed surface with
dissociated H2 O molecule. as shown in Figure 3.2 (b), the hole orbital in this model
is now much delocalized. However, it seems that the hole still has a tendency to
distribute over the ﬁxed side of the slab. Considering that all surfaces of the
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Figure 3.2: surface model and hole orbital (0.005 a.u.) for rutile (110) surface.
(a) ﬁve-layer model with the bottom two layer ﬁxed; (b) ﬁve-layer model with bottom
two layer ﬁxed and saturated with dissociated H2 O; (c) ﬁve-layer model with only
center layer ﬁxed; (d) same as (c) but with a adsorbed OH group.
nanoparticles are relaxed, we relax both sides of the slab, and the hole orbital now
is delocalized over the whole slab as shown in Figure 3.2 (c). Because we are going
to use a OH group to inject a hole into the system, the injected hole is also plotted.
It is delocalized over the whole slab with a small bias towards the side with the
adsorbed OH (Figure 3.2 (d)).
One example shows the necessity of relaxing the other side of the slab is the
adsorption of O2 at the oxygen vacancy on the rutile (110) surface. The relative
energies for three conﬁgurations at the oxygen vacancy were calculated for the
ground and excited states. The geometries are shown in Figure 3.3, and the relative
energies of O2 calculated with diﬀerent surface models are summarized in Table
3.1. For the 4L-I model, the structure A in which the O2 adsorbed in a horizontal
fashion is the most stable one, the structure B with a bridging O2 between the Ov
and the surface Ti atom is 0.27 eV higher, and the conﬁguration C with a vertical
O2 has the highest energy of 1.33 eV. At the triplet state, O2 in the structure C
tiled slightly and become 0.07 eV lower than A, the structure B becomes the most
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A

singlet
Ob

triplet

Ti5c

B

C

Ti of TiO2

O of TiO2

O from O2

Figure 3.3: Adsorption geometries of single O2 adsorbed at Ov . left for singlet
c
and right triplet. Reprinted from Ref. 94 . Copyright ⃝2014
American Chemical
Society.
unstable one. But once we relaxed the bottom layer of 4L-I model (4L-II model),
the energy of the structure B becomes lower than A by 0.23 eV, the structure C is
still the most stable one. This trend does not change when we increase the number
of the layer of the slab to ﬁve and six as long as we relax both sides of the slab.
Table 3.1: Relative energy (eV) of the three structures in Figure 3.3. Reprinted
c
from Ref. 94 . Copyright ⃝2014
American Chemical Society.
Model
4L-I
4L-I
4L-II
5L
6L

Fixed layers
Bottom two
Bottom two
Third layer
Center one
Center two

Spin state
Singlet
Triplet
Triplet
Triplet
Triplet

A
0
0
0
0
0

B
0.27
0.03
-0.23
-0.46
-0.34

C
1.33
-0.07
-0.35
-0.52
-0.43

In fact, relaxing the other side of the slab not only changes the relative energy
for diﬀerent conﬁgurations, but also greatly inﬂuences the transformation barrier
between them. The barrier from the structure A to B on 4L-I model at the triplet
state has been calculated to be 0.67 eV 95 . But in 4L-II model, the barrier is now
found to be only 0.12 eV 94 . Therefore, it is essential to relax both sides of the slab
in excited state calculations.
On anatase surface, similar results for the free hole orbital were obtained. As
shown in Figure 3.4 (a), the ﬁxed side of the surface also possesses an artiﬁcial
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surface state on the top of the valence band. Saturation with dissociated H2 O
will result in the distortion of the lattice structure of the relaxed part of the slab
(Figure 3.4 (b)) unless the number of layer is increased to six or more. However,
the majority of the hole in saturated slab is still mainly localized at OH groups
on the ﬁxed side (Figure 3.4 (c)). This is because the VBM of anatase is lower
than that of rutile 96 , therefore HOMO of dissociated H2 O is nearer to the VBM
of anatase and contributes much more to the electronic states there. The hole in
both sides relaxed model is also delocalized over the whole slab with its majority
around the center layer. And the hole injected by OH group is mainly at the side
with OH group adsorbed (Figure 3.4 (b)). However, in paper IV, we found that
the barrier and reaction energy for the oxidation of NH3 by the hole from both
model are essentially the same. This indicates that the detailed distribution of the
hole is not very important as long as it is delocalized.
(a)

(b)
O2f

(d)

(c)

Ti5f

(e)

Figure 3.4: surface model and hole orbital(0.005 a.u.) for anatase (101) surface.
(a) ﬁve-layer model with the bottom two layer ﬁxed; (b) ﬁve-layer model with bottom
two layer ﬁxed and saturated with dissociated H2 O; (c) ﬁve-layer model with only
center layer ﬁxed; (d) same as (c) but with a adsorbed OH group. Reprinted from
c
Ref. 97 . Copyright ⃝2014
American Chemical Society.
As for the trapped hole, Di valentine et al. found that the two-fold coordinated
surface oxygen is the most stable trapping site of the hole on the anatase (101)
surface 57 . They also found that the terminal OH group is more favored than
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the bridge oxygen. In paper I, we managed to trap the hole by applying the U
corrections to the O(p) orbital 58 . To trap the hole at diﬀerent surface oxygen
atoms, we elongated the Ti–O bonds connected to the oxygen atoms. This would
reduce the electrostatic potential at this atom and upshift its PDOS which makes
it easy for the hole to be trapped at it. Then the structure was further relaxed
with the hole maintain at the initial oxygen atoms. We succussed to trapped the
hole at the bridge oxygen Ob and the subsurface oxygen Osub as shown in Figure
3.5 (a-b). The trapped hole orbital at these two sites both have the character
of the p orbital. The orbital energies increase with the U(p) almost linearly and
the orbital energy for trapping at Ob is higher than that at Osub (Figure 3.5 (c)).
The relative energy for hole trapping at them suggest that the hole prefers to be
trapped at the bridge oxygen on the rutile (101) surface.
(c)

(a)
Ob

Osub

(b)

(d)

Figure 3.5: Iso-density surface of hole orbital trapped at Ob (a) and Osub (b) at
U(p)=5.0 eV with the iso-value of 0.0001 a.u.; (c) Dependence of eigenvalues of
the hole orbital trapped at Ob (blue) and Osub (green) on U(p); (d) SPMM of Ob
(blue) and Osub (green) and relative energy for hole trapping at these two sides(red)
c
at diﬀerent U(p). Reprinted from Ref. 58 . Copyright ⃝2014
American Chemical
Society.

3.2.3 Potential Energy Surface and Charge Transfer
In order to characterize the role of the charge carriers during the reaction, it is
important to calculate the detailed potential energy surface. Generally, we can
trace the transfer of the electron and hole by checking their spatial distributions.
Two methods have been applied in the calculation of the potential energy surface,
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one is the constrained minimization method, another is the nudged elastic band
method with climbing images (CNEB) 98,99 . In constrained minimization method,
one degree of freedom, for example bond length, is ﬁxed while other degrees of
freedom are optimized. Potential energy surface is then obtained by repeating the
same procedure while scanning the bond length. In CNEB method, several images
are obtained between the initial and ﬁnal states by interpolation. These images
will be optimized to locate the minimal energy path of the reaction by optimizing
the forces perpendicular to the band to zero. And the transition state is the one
with the highest energy along the band with the force along the band optimized
to zero.
Once the PES is obtained, the transfer of the electron and hole can be traced
along the reaction path. One way is to calculate the site project magnetic moment
(SPMM) of the atoms of interest along the reaction path. The SPMM is obtained
by integrating the spin density within a sphere (with radius deﬁned by the RWIGS
tag in the pseudopotential ﬁle) around the atom. Because the hole (electron)
mainly distributes over the oxygen (Ti) atom, the SPMM at the oxygen (Ti) atoms
will give us a picture about the distribution of the hole (electron). This way is easy
and fast when the number of atoms of interest is small. Another way is to directly
plot out the hole orbital. The partial density of states can also be calculated. These
will help us understand the insight mechanism for the hole transfer especially how
the bonds are formed between molecule and trapping sites. Combining the shape
of the PES and the charge transfer along the reaction path, we can tell the reaction
mechanism and the role of the charge carries. As an example, we will show how
the mechanism of the oxidation of physisorbed H2 O by the trapped hole on rutile
(110) surface is revealed by the calculation.
3.2.4 An Example
To model the trapped hole, we applied DFT+U method with U corrections to
both the Ti-d orbital and O-p orbital. The hole was introduced with method I
and trapped at the bridge oxygen. A physisorbed H2 O molecule was obtained by
placing it above the trapped hole with a distance of 2.8 Å. Then the reaction of the
trapped hole with the H2 O molecule adsorbed above was studied with constrained
minimization method. This is to mimic the attack of the H2 O to the trapped
hole at Ob as proposed by experiments 54 . The molecule was dragged down to the
trapped hole gradually. The PES and the snapshots along the reaction paths are
given in Figure 3.6. The SPMMs at Ob and Ow suggest that the hole gradually
transfers to Ow as get close to Ob . And concerted to the hole transfer, H atom of
the molecule transfers to the bridge oxygen gradually.
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(a)

(c)

C

A

B

R
2.8Å

A

B

D

E

C

D

E

F

(b)

R/Å

Figure 3.6: (a) energy proﬁle; (b) site projected magnetic moment along the path
in (a), Ob 3, Ob 5, Ob 7(Ow 3, Ow 5, Ow 7) means the SPMM at Ob (Ow ) for U(p)=3.0,
5.0, and 7.0 eV; (c) snapshots labeled in (a) for U(p) = 5.0 eV, deﬁnition of R
c
is schematically shown in the state B. Reprinted from Ref. 58 . Copyright ⃝2014
American Chemical Society.
Electronic structures and the hole orbital at the snapshots along the reaction
path are shown in Figure 3.7. At the initial state A, the HOMO of H2 O and the
hole orbital appears in the gap; at the state B, it is clear that HOMO and the hole
orbital hybridize, forming a bonding and antibonding orbital, and the new hole
orbital has the character of the antibonding orbital; at the state C, the molecule
dissociated and most of the hole transfer to the OH group; and at the ﬁnal state
E, the hole is shared by the OH group and an in-plane oxygen atom.
The PES and the hole transfer along the reaction path show clearly that,
the oxidation of the physisorbed H2 O molecule is a concerted proton coupled hole
transfer process. And the hole is transferred via the anti-bonding orbital resulting
from the hybridization of the trapped hole and the HOMO of the H2 O molecule.
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(b)

(a)

Partial density of state(arb. unit)

HOMO

A
bonding

bonding antibonding

antibonding

B

C

E

Figure 3.7: (a) PDOS of Ob and Ow in the state A, B, C, E in Figure 3.6, Ev is
the energy of the top of valence band; (b) the corresponding iso-density surface of
the trapped hole orbital with iso-value of 0.0001 a.u., for the state B the bonding
c
and antibonding orbital are both shown. Reprinted from Ref. 58 . Copyright ⃝2014
American Chemical Society.
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Chapter 4

Interaction Between TiO2 and Small Molecules

As a start point of studying the photocatalytic reaction, we need to know how
the TiO2 interacts with molecules at the ground state (without light illumination). The properties at the ground state are important for understanding the
mechanisms of photocatalytic reactions. The initial states of some photoreactions
are close to the adsorption conﬁgurations at the ground state, and the electronic
structure of the molecule helps to understand its activity towards photoreductive
and photooxidative reactions. The chemical properties also help to understand the
overall mechanism of the reaction especially when thermal steps are involved in a
multi-step reaction. Besides, the interaction of molecule with TiO2 itself is also
an important ﬁeld since TiO2 is widely applied in heterogeneous catalysis. We
are going to introduce how the small molecules involved in this thesis adsorbed
and/or dissociate on the TiO2 surface. Because we are going to study the reaction
on some speciﬁc facets, which are rutile (110) and anatase (101) surfaces, only the
interaction of the molecules on these surfaces will be discussed.

4.1 Molecules on Rutile (110) Surface
4.1.1 H2 O
On the rutile (110) surface, whether the H2 O molecule adsorbes in an associative or
dissociative form has been argued for a long time 100–108 . The scanning tunneling
microscope (STM) experiments have provided clear evidence that the molecule
dissociates spontaneously at the oxygen vacancy (Ov ) while adsorbs associatively
on the Ti5c atom at low coverage 15 . However, theoretical calculations suggested
that the energy for the molecular (associative) and dissociative adsorption are
usually degenerate, which one is more stable usually depends on the computation
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(a)

(b)

Figure 4.1: (a) adsorption and dissociation of H2 O molecule at ground state
calculated with GGA and GGA+U method, U(d) = 4.2 eV and U(p) = 5 eV is
applied in GGA+U calculation, only the structures in GGA+U calculation are
shown; (b) Partial density of states for T i5c and Ob atoms and H2 O molecule
at associative and dissociative adsorption state, Ev is the energy of the top of
c
the valence band. Reprinted from Ref. 110 . Copyright ⃝2014
American Chemical
Society.

details 100–105 . A recent photoemission spectra measurements suggested a mixed
adsorption at high coverage 109 and low temperature (< 230 K).
We have calculated the adsorption of the molecule with both GGA and GGA+U methods because we have to use GGA+U method to study its reaction with
the trapped hole. In GGA calculations, the dissociative adsorption is 0.03 eV lower than the molecular adsorption and the barrier for the dissociation is about 0.2
eV, which agree well with previous studies by others 105,106 . The GGA+U method
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(with U(d) = 4.2 eV and U(p) = 5.0 eV) seems to more stabilize the dissociative
adsorption 111 and lower the barrier by 0.12 eV.
We have also calculated the electronic structure of the system. The partial
density of states (PDOS) of the associatively adsorbed H2 O molecule is well below
the VBM of TiO2 , while that of dissociatively adsorbed H2 O upshifts a lot. This
agrees well with a recent calculation with hybrid functional 112 and indicates that
it is easier for the dissociated H2 O to capture the hole.
4.1.2 O2 on Reduced Rutile (110) Surface
O2 is a very important molecule that takes part in many surface reactions. In
photocatalysis, O2 is usually considered to be an electron scavenger. And the
reduced O2 species (O2 − and O2 2− ) are oxidizing agents which have been proposed
to be responsible for many reactions. Therefore, it is important to understand the
interaction of O2 with the surface.
It was found that O2 only adsorbs weakly on perfect rutile (110) surface 113 .
However, as we mentioned before, rutile is usually an n-type semiconductor, because there are three forms of defects can result in its reduction: oxygen vacancy,
OH group and Ti interstitial. O2 was found to chemisorbed strongly on reduced
surface. This is due to the transfer of the extra electron to the molecule. ExperiA

E = 0.0 eV (S)

B

E = 0.23 eV (S)

C

E = -0.12 eV (T)

D

E = 0.82 eV

E

E = 0.13 eV (S)

F

E = 0.23 eV (T)

Figure 4.2: Adsorption of two O2 adsorbed at Ov , spin states with lower energies are labeled in the brackets, conﬁguration D is from spin restricted calculation.
c
Reprinted from Ref. 94 . Copyright ⃝2014
American Chemical Society.
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ments have shown that the maximal number of O2 molecule that can chemisorbed
on the surface equals to the number of extra electrons available 114,115 . DFT calculations also showed that the adsorption energy is not aﬀected by the form of the
defect but the number of electrons that transfer to it 116 .
It was found that the existence of the Ov is necessary for the photooxidation
of CO 17,117 . The adsorption of O2 has also been studied by many theoretical
calculations at low coverage 95,118–122 . It adsorbs in a horizontal fashion as a O2 2− ,
which has been conﬁrmed by STM experiments 123 . However, at the high coverage,
experiments have suggested that the two O2 will adsorb with one at Ov and one on
(a)

0.2

Energy /eV

0.0

-0.2

-0.4

-0.6

-0.8

(b)

Figure 4.3: (a) potential energy surface for the transformation of the horizontal
O2 to NP O2 at the triplet state; (b) partial density of states of the horizontal
c
and NP O2 adsorbed at Ov . Reprinted from Ref. 94 . Copyright ⃝2014
American
Chemical Society.
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the Ti5c nearby 114 . The detailed geometry from theoretic calculations has never
been reported. We have considered various adsorption conﬁgurations of this kind
(Figure 4.2). The structure A with O4 complex was taken as the energy zero. The
structure C has the lowest energy, however, the O2 on the Ti row is physisorbed
with the O2 at Ov taking all the excess electrons. In cases the two O2 chemisorbed
as O2 − , the conﬁguration with the O2 at Ov adsorbs in a near perpendicular (NP)
way was found to be the most stable one (Structure E). Noting that the NP O2
also appears as the most stable adsorption conﬁguration as shown in section 3.2.1
at the triplet state. The barrier for the transformation from the horizontal O2 to
the NP O2 is calculated to be 0.08 eV (Figure 4.3 (a)). This suggests that the
NP O2 could be responsible for the CO photooxidation at both low and high O2
coverage.
We also calculated the electronic structures of the O2 molecule in horizontal
and NP geometry (Figure 4.3 (b)). For the O2 adsorbed horizontally, its HOMO
is quite near the VBM of TiO2 , which suggests that it can capture a hole easily;
while the NP O2 has its singely unoccupied molecular orbital (SUMO) at the
bottom of the conduction band. The existence of these orbitals suggests that the
O2 can undergo many types of photo-process. As the experiments shown, photo
illumination can cause the adsorption of O2 by transfer the excited electron to it,
forming O2 − ; a subsequential hole transfer to it will then result its desorption 18 .
The maximal number of extra electrons the molecule can capture is 2, however, a
third electron can lead to its dissociation 124 .

4.2 Molecules on Anatase(101) Surface
4.2.1 H2 O
Most of the exposed surfaces of anatase crystal is the {101} surface. However, it
is quite inertial and most molecules usually prefer to adsorb associatively. Even
oxygen vacancy was found to formed inside the bulk rather than on the surface 26 .
Therefore, subsurface defects rather than the surface defects are suggested to play
important roles in some chemical reactions 125 .
Interaction of H2 O with the anatase(101) surface has been also studied by
many theoretical and experimental works 126–130 . For example, STM experiments
found that H2 O molecules adsorbes associatively on the surface with a special STM
pattern 129 . Theoretical calculations also found that the dissociation of H2 O on the
surface is endothermic with a barrier of about 0.5 eV 27 . However, there is also
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(a)

PDOS of H2O

(b)

PDOS

(c)

Figure 4.4: (a) potential energy surface for the dissociation of H2 O, the energy
of the initial state is taken as zero. (b) PDOS for the adsorbed molecular and
dissociative H2 O molecule. (c) PDOS of the Ti5f and O2f atom.

XPS experiments proposed a mixed associative and dissociative adsorption in the
temperature range of 160 K ∼ 400K 130 .
In our calculations, the dissociation was also found to be endothermic by
0.35 eV with a barrier of 0.50 eV. The electronic structures of the associative and
dissociative molecules are shown in Figure 4.4. The PDOS of the dissociative
molecule upshifts quite a lot compared to that of the associative molecule. The
peak position of the its HOMO is even nearer to VBM than that of O2f atom.
This suggests that OH is a much more favored hole trapping center than O2f which
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agrees well with a recent hybrid functional calculations 57 . This is also opposite to
the result on rutile (110) surface. One reason is the diﬀerence of the interaction of
H2 O molecule with these two surfaces. Another one could be the band alignment
of rutile and anatase 96 . Combined theoretical calculations and XPS experiments
have shown that the VBM of anatase is lower than that of rutile. Therefore, all
orbitals of H2 O are supposed to be nearer to the VBM of anatase than they are
to the VBM of rutile.

4.2.2 CH3 OH
CH3 OH is the simplest alcoholic molecule and has been taken as a model molecule
to study the interaction of organic molecules with materials. It has also been
used as a sacriﬁcial species to scavenge the photogenerated hole. Experiments
have shown that the molecule prefers to adsorb associatively on the anatase (101)
surface 131 , and appearance of small amount of methoxy was attributed to the
dissociation of the molecules at surface defects or steps.
(a)

PDOS

(b)

Figure 4.5: (a) potential energy surface for the dissociation of CH3 OH, the energy
of the initial state is taken as zero. (b) PDOS for the adsorbed molecular and
dissociative CH3 OH molecule.
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We also calculated the adsorption energy of the molecule in associative and
dissociative conﬁgurations. Its dissociation is endothermic by 0.11 eV, which is in
agreement with the experimental ﬁndings. A barrier of 0.50 eV which is the same
with the H2 O was calculated for the dissociation. PDOS of both the associative
and dissociative CH3 OH are shown in Figure 4.5. Compare to H2 O, both the
HOMOs of the associative and dissociative CH3 OH are quite near the VBM of
anatase which explains why the molecule is an eﬃcient hole scavenger and why
the methoxy was found to be more eﬃcient than methanol 65 .
(a)

PDOS

(b)

Figure 4.6: (a) potential energy surface for the dissociation of HCOOH, the
energy of the initial state is taken as zero. (b) PDOS for the adsorbed molecular
and dissociative HCOOH molecule.

4.2.3 HCOOH
Formic acid is also an important organic molecule in ﬁeld of solar energy. For
example, in dye sensitized solar cell, formic acid is used to bind the dye molecules.
It was also suggested to be an intermediate product 132 in the photoreaction of CO2 .
It has been found that both the molecular and dissociative adsorbed molecules exist
on TiO2 surface 66 . And on highly reduced anatase (101) surface, it was proposed
40

4.2. MOLECULES ON ANATASE(101) SURFACE

that the molecule only adsorbs dissociatively 133 . Therefore, the dissociation of the
molecular may be caused by the surface or subsurface defects.
The adsorption of HCOOH on the anatase(101) surface was ﬁrst calculated
by Vittadini et al. 134 . The most stable molecular adsorption was found to be
in monodentate form whereas the dissociative adsorption was bidentate. In our
calculation, the molecular adsorption of HCOOH is nearly degenerate with the
dissociative adsorption, the energy of dissociative adsorption is only 0.05 eV higher
than that of molecular adsorption. Potential energy surface for the dissociation
of the molecule and the PDOSs of the intact and dissociated formic acid are also
calculated and shown in Figure 4.6. The barrier for the dissociation of the formic
acid (0.35 eV) is much smaller than that of CH3 OH and the reaction is much less
endothermic (0.05 eV). PDOS of molecule also suggests that formic acid is a strong
hole scavenger.

4.2.4 HCOH

PDOS

HCOH is the main toxic gas from the indoor material. It was also found to be
an intermediate product in the photooxidation of CH3 OH, and photoreduction of
CO2 in some experiments 135 . The molecular adsorption of the molecule is shown
in Figure 4.7. We found that the dissociative adsorption of HCOH is not stable.
The H always recombines with the HCO back into HCOH. Therefore, only the
PDOS of the molecular HCOH is shown in Figure 4.7. Its HOMO is quite near to
the VBM of TiO2 which indicates that HCOH is easy to be oxidized. This is one
of the reasons why TiO2 has been applied in the puriﬁcation of indoor toxic gases.

Figure 4.7: PDOS for the adsorbed molecular HCOH molecule.
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4.2.5 NH3
Adsorption of NH3 on TiO2 has also been studied by many theoretical works 136–138
because it is often used as a reductant in reduction of NO. On the anatase (101)
surface, we have considered its adsorption geometries as shown in Figure 4.8. The
dissociation of the molecule is exothermic by 1.04 eV on the (101) surface with a
rather high barrier of 1.30 eV. This agrees well with the previous calculation 137 .
The diﬀerence might have come from the diﬀerent choice of exchange-correlation
functional.
The PDOS of the dissociated molecule (AD2 conﬁguration in Figure 4.8) is
calculated (not shown), a gap state appears at 0.6 eV above the VBM of anatase.
Therefore it is easy for it to capture a valence band hole or it can be excited by
visible light. This might be the reason for the visible light activity for the reduction
of NO observed in the experiments 139 .
(a) AM

(b) AD1

(d)

(c) AD2

(1.30)
(1.04)
AD2

AM

Figure 4.8: (a-c) side and top view of the adsorption geometries of NH3 on the
surface; (d) potential energy surface for the dissociation of NH3 , the energy of the
c
initial state is take as zero. Reprinted from Ref. 97 . Copyright ⃝2014
American
Chemical Society.
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Photocatalytic Reactions

In this chapter, several typical photocatalytic reactions investigated with the method
introduced in Chapter 3 will be discussed. The ﬁrst is the photodecomposition of
H2 O that is closely related to the application of TiO2 in artiﬁcial photosynthesis.
For H2 O adsorbed on the rutile (101) surface, we compared its reaction with both
free and trapped hole (direct and indirect), and found it is the free hole that might
be responsible for the reaction. In order to ﬁnd about the general rules in charge
transfer process, we performed a comparative study on the photodecomposition of
H2 O, CH3 OH, HCOOH and HCOH molecules on the anatase (101) surface. Both
the kinetic and thermodynamic eﬀects were found to play important role in the
reaction. A scale of hole scavenging power for these molecules was proposed.
For the abatement of pollutant gas, we studied the photoselective catalytic
reduction of NO by NH3 on anatase (101) surface and the photoxidation of CO by
O2 on reduced rutile (110) surfaces. The molecular mechanism for the photoreduction of NO proposed by experiments was veriﬁed in our calculations, and the
photooxidation turns out to be a complicated reaction in which both the electron
and hole are involved.

5.1 H2 O Molecule on Rutile TiO2 (110) Surface
In 1972 Fujishima et al. used TiO2 to spilt H2 O into H2 and O2 under UV illumination. However, the eﬃciency of the reaction on TiO2 is low. A good understanding
of the underlying mechanism is essential for improving its performance. Besides,
the photodecomposition of H2 O may be one of the basic process in other photoreactions. For example, it can be the source of the OH radical for the decomposition of
other organic compound; it might also be responsible for the super hydrophobicity
of TiO2 that makes it an excellent self-cleaning material 21 . However, the molec43
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ular mechanism of the reaction, especially the ﬁrst proton coupled hole transfer
process, is still puzzling. The molecule was ﬁrst proposed to be oxidized by hole
to form OH radicals (reaction 5.1) which will couple into H2 O2 , then be further
oxidized by two holes to O2 molecule.
H2 O + h+ → ·OH + H+

(5.1)

The hole and proton transfer in this process could be concerted or step wise,
and in the latter case, the hole may transfer before (reaction 5.2) or after (reaction
5.3) the proton transfer:
H2 O + h+ → H2 O+ → ·OH + H+

(5.2)

H2 O + h+ → OH− + H+ + h+ → ·OH + H+

(5.3)

For reaction 5.2, the redox potential of the redox couple H2 O/H2 O+ is below the valence band maximum (VBM) of TiO2 140 ; the UPS experiments 141,142
also showed that the occupied state of H2 O molecule is well below VBM of TiO2
which suggests that the reorganization energy for the direct hole transfer is very
high. Therefore, the reaction 5.2 is both kinetically and thermodynamically hindered 54,140,143 . Similar arguments have been made on the adsorbed OH− ion (so
reaction 5.3 is not possible either). Nakamura et al. proposed a ”nuleophilic attack
mechanism” (NA mechanism) in which the reaction is initiated by nucleophilic attack of an aqueous H2 O molecule to the bridge oxygen accompanied by the hole
transfer from surface oxygen atom 140 . Whereas Neuman et al. suggested that
the hole is already trapped at the bridge oxygen before the attack of the H2 O
molecule 144 . Theoretical calculations on the reaction of physisorbed H2 O with the
trapped hole on the rutile (110) surface has been given as an example in Chapter
3. The dissociation of the molecule was found to be coupled concertedly with the
hole transfer.
For the chemsorbed H2 O molecule on the rutile (110) surface, a recent scanning tunneling microscope (STM) experiment showed that it undergoes dissociation in the UV illumination and results in a surface OH group and another
OH radical that desorbs oﬀ the surface 15 . This suggests that the chemisorbed
molecule is oxidized by another mechanism. As we mentioned in Chapter 2, both
the trapped and free hole may take part in the reaction. We used a OH group to
inject a hole into the system because the hole introduced in this way can allow us
to compare the hole transfer in both direct and indirect fashions.
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(b)

(a)
TS

A

C

IS

(d)
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Figure 5.1: Oxidation of H2 O molecule by the trapped hole, (a) is the potential
energy surfaces for diﬀerent U(p); (b-d) SPMM at Ob , Ow and Oip for diﬀerent
U(p) along the reaction paths; (e) the geometries of the structures labeled in (a) for
U(p) = 5.0 eV, blue oxygen is where the hole mainly distributed at: initial state A
with the hole trapped at Ob -I, transition state(TS) with most of the hole remains
at Ob -I, intermediate state (IS) with a delocalized hole and ﬁnal state C with the
c
hole shard by Ow and Oip . Reprinted from Ref. 110 . Copyright ⃝2014
American
Chemical Society.
For the reaction with the trapped hole, initial state A (Figure 5.1 (e)) is a
hole trapped at the bridge oxygen (blue oxygen) with a H2 O adsorbed nearby; the
ﬁnal state C is two OH groups with the hole shared by the oxygen from H2 O and
an plane lattice oxygen (blue oxygen atoms in C). The potential energy surface
(PES) and the SPMM at the oxygen atoms of interest are shown in Figure 5.1
(a-d). We found an intermediate state (state IS) in which the hole is detrapped
from the bridge oxygen and the H2 O molecule dissociates into a OHb and a OH
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anion adsorbed on the Ti atom. From the intermediate state to ﬁnal state, the
OH anion is oxidized by the free hole to a OH radical. The barrier is determined
by the ﬁrst step which includes the energy required to dissociate the molecule
and detrap the hole. The barrier increases with U(p) because the trapping energy
increases with U(p) while the barrier for the dissociation of the molecule is not
sensitive to it. Overall, the reaction has a relatively high barrier and is hardly
exothermic which suggest that the H2 O might not be oxidized by the trapped
hole eﬃciently. Diﬀerent from the oxidation of physisorbed H2 O in which the
hole transfer and H transfer happens concertedly, the H and hole transfer occurs
sequentially in the oxidation of chemisorbed molecule. This is due to the energy
and symmetry mismatching between the HOMO of chemisrobed H2 O molecule and
the hole orbital: ﬁrst, energy diﬀerence between the HOMO of the H2 O molecule
and the trapped hole orbital is very large; second, HOMO of H2 O is a p orbital
perpendicular to the molecular plane and nearly parallel to the bridge oxygen row
and the trapped hole is a p orbital perpendicular to the Ob row, and the H atom
between these two orbitals greatly reduces their overlap. We found that the inplane oxygen (Oip ) plays an important role in the hole transfer. This is because it
is the nearest oxygen atom to the molecule and its pz orbital can hybridize with
the HOMO of the molecule. If the hole was initially trapped at the Oip under
the H2 O molecule, we could expect a concerted hole coupled proton transfer for
the oxidation of the chemisorbed H2 O. However, the electrostatic potential of Oip
is the highest among all the near surface oxygen atoms 145 . Therefor the hole is
unlikely to be trapped there.
Then we studied the oxidation of the molecule by the free hole. As shown
in Figure 5.2, again we found the existence of an intermediate state at which the
molecule dissociates with the hole remains delocalized. Then the hole transfers to
the OH anion and transforms it to a hydroxyl radical. However, the overall barrier
is now relatively low and the reaction is much more exothermic. The released
energy may convert to the kinetic energy of the hydroxyl radical which results in
its desorption oﬀ the surface. This suggests that the chemisorbed H2 O molecule
is most probably oxidized by the free hole
The transient dissociation state (the intermediated state) is important in the
reaction. Although the dissociation of the H2 O adsorbed on the Ti5c atom on
the rutile (110) surface has never been directly observed in STM experiment, the
transient dissociation has been proposed to be responsible for surface reaction
such as the diﬀusion of the H atoms 106,146 . The appearance of the dissociation
state is also in agreement with the desorption of the OH radical observed in STM
experiment. Like the desorption of O2 molecule, the OH group desorbs because
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(b)

(a)

TS'
A'
C'

IS'

(d)

(c)

(e)
A'

TS'

IS'

C' = C

Figure 5.2: Oxidation of H2 O molecule by the free hole, (a) is the potential
energy surfaces for diﬀerent U(p); (b-d) SPMM at Ow and Oip for U(p) = 4, 5,
6 eV along the reaction paths; (e) the geometries of the structures labeled in (a)
for U(p) = 5 eV, blue oxygen is where the hole mainly distributed at: initial state
A’ with a delocalized hole, transition state(TS’) with the hole remains delocalized,
intermediate state (IS’) with a delocalized hole and ﬁnal state C’ = C with the
c
hole shared by Ow and Oip . Reprinted from Ref. 110 . Copyright ⃝2014
American
Chemical Society.

it ﬁnds itself in the repulsive part of the PES after the hole transfers to it. This
suggests that the photooxidation of H2 O could be the source of OH radical for
remote oxidation 147 .
In summary, our calculations suggest that the chemisorbed H2 O is most possibly oxidized by the free hole. The proton transfer followed by the hole transfer
to the OH group.
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5.2 R-H Type Molecules on Anatase (101) Surface

One of the major reasons for the wide application of TiO2 is the high oxidation
power of its hole. It is important to understand the hole transfer process. A comparative study on the mechanism of hole transfer reaction will help to understand
the factors that determine the hole transfer rates 148 . Here we carried out a study
on the photooxidation of H2 O and some small organic molecules such as CH3 OH,
HCOOH, and HCOH. And the ﬁrst step of the photooxidation of these molecule
is proton coupled hole transfer.
The initial state for the reaction is an adsorbed molecule with a delocalized
hole. The structure of the reactant is quite close to that at the ground state, and
the product of the oxidation of these RH type molecule is a R• radical at which
the hole is localized. As shown in Figure 5.3 (b), the orbitals show that the hole is
mainly localized mainly at R groups for CH3 OH and HCOH, whereas for H2 O and
HCOOH the it is shared by the R groups and a surface oxygen with the hole orbital
bearing the character of the anti-bonding orbital resulting from the hybridization
of the HOMO of R− group and p orbital of surface oxygen. Similar results were
found in the adsorption of OH radical on rutile (110) surface.
Then, the PESs were calculated with CNEB method and are shown in Figure 5.3 (a). For H2 O, its oxidation is endothermic which agrees with a previous
thermodynamic calculation 149 . However, the barrier is lowered and the product is
stabilized than that at ground state. The PES shows that the reaction is a one
step process which suggests that in the oxidation of the molecule hole transfer is
coupled with proton transfer concertedly. This can also directly be seen from the
hole orbital at the transition state in which the hole is mainly shared by the OH
group and a surface oxygen atom. The partially transferred hole at the transition
state weaken the binding of proton by O atom which results in a lower barrier
for the deprotonation. This is diﬀerent from the photooxidation of chemisorbed
H2 O by the free hole on rutile TiO2 (110) surface in which an intermediate transient dissociation state was found. This can be understood from the diﬀerence
of the molecule’s chemical and electronic properties on these two surfaces. First,
the energy diﬀerence between the HOMO of the H2 O and the VBM is smaller on
anatase (101) than that on rutile (110) surface which makes it more feasible for the
hole transfer for the molecules on anatase (101) surface. Second, the dissociation
barrier of H2 O on rutile is much smaller than that on antase (101) surface. It will
beneﬁt a lot from the dissociation because it can upshift its PDOS by overcoming
a small barrier without almost no cost in energy.
For CH3 OH, the reaction becomes exothermic and the barrier is also lowered
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(a)

(b)

Initial

TS

Final

Figure 5.3: Oxidation of the molecules. (a) the potential energy surface; (b)
the geometries of the initial state (left column), transition state(TS) and the ﬁnal
state(right column) for the four molecules. The hole orbital at thess states are
imposed on the structures, the isovalue of the orbital is 0.001 a.u. for the initial
state 0.01 a.u. for the transition state and ﬁnal state.

compared with that of ground state. The oxidation barrier for CH3 OH is even lower
than that for H2 O. Therefore, CH3 OH is a more eﬃcient hole scavenger than H2 O
both thermodynamically and kinetically. The photooxidation of CH3 OH on rutile
TiO2 (110) has also been investigated by many experiments 150,151 . The existence
of transient dissociation state is also under debate. Although our results suggest
that it is a one-step process on anatase (101) surface, it is still not certain whether
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the same conclusion can be drawn for the rutile (110) surface.
The oxidation of HCOOH is quite similar to that of H2 O and CH3 OH. A
decrease in reaction energy and barrier, and concerted proton coupled hole transfer
can be observed. For HCOOH the reaction energy is lower than that of CH3 OH,
this agrees well with a thermodynamics analysis by Di Vanlentin et al 152 in which
they proposed that CH3 OH was stronger for hole scavenge than HCOOH. However,
the calculated barrier for the oxidation of HCOOH is much smaller than that of
CH3 OH. This suggests that kinetically HCOOH is a much more eﬃcient hole
scavenger that CH3 OH. Experiments have shown that the oxidation rate of formic
acid (HCOOH) is higher than formate (HCOO− ) 153 , and the hole accepting ability
of formate was also found to be larger than methanol 135 . This suggests that
HCOOH should be a stronger hole acceptor than CH3 OH.
Among the four molecules in our study, the HCOH molecule is found to have
the smallest barrier (0.05 eV) and lowest reaction energy (-0.59 eV) which suggests
that it is the most powerful hole scavenger. This also agrees well with a recent
experimental 135 ﬁndings that the transfer rate of hole to HCOH is much higher
than that to CH3 OH. Besides, diﬀerent from other molecules to which the hole is
transferred via the three-fold coordinated oxygen (O3f ) atom (the hole orbital at
the transition state is an anti-bonding orbital mainly from the hybridization of the
molecule’s HOMO is an p orbital of O2f ), the hole is transferred via the O2f to
HCOH. This is because the HOMO of HCOH is a π orbital perpendicular to the
molecular plane which matches the symmetry of the p orbital of O2f (the p orbital
parallel to the O2f row). This again indicates that symmetry plays important roles
in hole transfer.
Overall, our calculations show that both kinetic and thermodynamic eﬀects
are important in hole transfer. The results propose that the proton coupled hole
transfer for the four molecules are all concerted, and the scale of hole scavenger
ability follows: HCOH > HCOOH > CH3 OH > H2 O.
5.3 Photoreduciton of NO by NH3
NO is a pollutant gas which is harmful to human and environments. It can leads
to acid rain, ozone depletion, and green house eﬀect indirectly 154,155 . Among many
methods, photocatalytic reduction is a promising one because it can bring the reaction temperature down to room temperature 156 . A molecular mechanism on TiO2
for its photoreduction was proposed by Teramura et al. 156–161 , which includes the
following steps: (1) the adsorption of NH3 molecule on the Ti atom of the surface,
it dissociates and produces NH2 − and a surface O2f H− group (reaction 5.4); (2)
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then the NH2 − group captures a hole under UV illumination and become a ·NH2
radical (reaction 5.5); (3) ·NH2 radical attacked by a gas phase NO molecule to
form a NH2 NO complex (reaction 5.6) ; (4) decomposition of the NH2 NO complex
to H2 O and N2 molecules (reaction 5.7).
−
−
NH3 + O2−
2f → NH2 + O2f H

(5.4)

+
NH−
2 + h → ·NH2

(5.5)

· NH2 + NO → NH2 NO

(5.6)

NH2 NO → N2 + H2 O

(5.7)

A theoretical investigation of the mechanism at molecular level was carried
out here to get the insights of the reaction.
(a)
TS

(1.08)
AD2'
(0.21)

(b)

TS

AD2'

Figure 5.4: Oxidation of the NH3 molecule (a) potential energy surface, the
energy of the initial state is taken as zero; (b) isosurface of the electron density
with isovalue of 0.01 a.u. for the hole orbital at the transition state (TS) and the
c
ﬁnal state. Reprinted from Ref. 97 . Copyright ⃝2014
American Chemical Society.
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The oxidation was studied with both methods mentioned in chapter 3: method
I is to use the triplet state, method II is to use OH radical to inject a hole into the
slab. We found that these two methods give almost the same results. The oxidation
was found to be a concerted hole coupled proton transfer process (Figure 5.4). The
barrier is 0.2 eV lower than the pure dissociation at the ground state. And the
product is much favored than that at ground state although it is still endothermic.
Next step of the reaction is the attack of the NH2 radical by the NO molecule
from the gas phase. We placed a NO molecule above the NH2 radical with a N–N
distance of 3.5 Å (Figure 5.5 (a)). After further relaxation a NH2 NO complex
(Figure 5.5 (b)) formed spontaneously possibly due to the radical nature of both
the NO molecule and NH2 group. Diﬀerent initial adsorption geometries were tired
and only two stable ones were found for the complex (Figure 5.5 (c-d)). The one
with higher adsorption energy (Figure 5.5 (d)) was used to calculate the PES for
its decomposition.
(a)

(b)
3.5Å

(c) Ea = 0.70

(d) Ea = 0.88

Figure 5.5: (a) Initial states with a NO molecule right above the NH2 group with
a N–N distance of 3.5 Å; (b) spontaneous formation of the N-N bond during relaxation; (c-d) two obtained stable adsorption conﬁguration of the NH2 NO complex
on bare surface, adsorption energy Ea is in eV. Reprinted from Ref. 97 . Copyright
c
⃝2014
American Chemical Society.
The PES is shown in Figure 5.6. The decomposition of the complex is a rather
complicated process in which two N-H bonds and one N-O bond break, two O-H
bonds form. The molecular structure shows that the N-O bond in the complex is
a double bond. Direct breaking of this kind of bond is usually diﬃcult and has a
high barrier. Therefore, we tried to break the N-Ha bond ﬁrst by transferring the
Ha atom to the nearest surface O2f atom to it. The dissociation of the complex in
this way is highly endothermic as the dissociation of NH3 molecule. We found that
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the broken N-Ha bond will spontaneously reform after further structure relaxation.
So it is not feasible to decompose it in this path.
(1.81)
(1.44)

(1.07)
(0.94)

(0.76)
IS-II

Hb
Ha

(0.29)
IS-I

(-1.86)
(-1.92)

Figure 5.6: Potential energy surface for the decomposition of the NH2 NO complex, the energy of the reactant is taken as zero. Reprinted from Ref. 97 . Copyright
c
⃝2014
American Chemical Society.
Then we tried to move the Hb atom to the O atom in the complex to form an
intermediate state I (IS-I) (5.6) which is only 0.29 eV higher in energy than the
initial state because the energy cost to break the N-H bond is largely compensated
by the formation of the O-H bond. But the barrier of this process was calculated
to be as high as 1.44 eV.
From here, we have two possible pathways to continue the decomposition.
One is to continue to transfer the second H atom (Ha ) to the O atom in the
complex, forming the H2 O molecule and spontaneously releases the N2 molecule.
Another intermediate states (IS-II) which results from the rotation of the N-Ha
bond in IS-I shows up. IS-II is only 0.47 eV higher than IS-I. However, the further
decomposition of IS-II has a pretty high barrier of 1.05 eV which leads to an overall
barrier of 1.86 eV for the whole reaction.
The other choice is to decompose the IS-I by breaking its N-O bond and move
the OH group to another surface Ti5f atom. In this process, the N-Ha bond also
breaks and release the N2 molecule spontaneously, leaving an O2f Ha group, and
a OHb group behind. The barrier of this process is only 0.65 eV and it is highly
exothermic by 2.21 eV. The remaining OHb group could recombine with a H atom
(could be H from the decomposition of NH3 or another NH2 NO complex) on the
surface to a H2 O molecule easily because the the revers process, dissociation of H2 O
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on anatase (101), is unfavored 27 . The overall barrier for this path is determined
by the ﬁrst step which is the the formation of IS-II. It is also the rate limiting step
of the for the overall reaction for the the reduction of NO because its barrier (1.44
eV) is 0.36 eV higher than the hole coupled dissociation of NH3 molecule ( 1.08
eV).

5.4 Photooxidation of CO by O2
CO is a poison gas, and its oxidation to CO2 is the only feasible way for its abatement 162 . On the other hand, CO photooxidation by O2 is the simplest
bimolecular photocatalytic reactions which has attracted much attention since
three decades ago. Previous theoretical calculation and a series recent experiments work 17,117,122,163–165 suggested that O2 adsorbs at oxygen vacancy on the
surface is responsible for the oxidation of CO. Therefore, we start the study of
this reaction with the adsorption of O2 molecule at the oxygen vacancy. As shown
in last chapter, the NP O2 might be the one responsible for the oxidation of the
CO at both high and low coverage. However, it is diﬃcult to propose a possible
mechanism with the information we have got so far. Therefore, we start with the
calculation of the PES for the CO oxidation at both ground and excited state.
The result is shown in Figure 5.7.
At the ground state (left part in Figure 5.7), the molecule can transform to
the bridging structure (state c) by overcoming a barrier of 0.83 eV. The bridging
O2 can further oxidize the CO to CO2 (state e) with a barrier of 0.34 eV, resulting
in an overall barrier of 0.83 eV. This suggests that the oxidation of the CO at the
ground state is hindered by the barrier for the O2 to climb out the oxygen vacancy.
Potential energy surface along the same path at the excited state was then
calculated, the barrier for the transformation from the horizontal (state a’) to
bridging geometry (state c’) is signiﬁcantly reduced to 0.12 eV. In this process, a
hole is captured by O2 and makes it bind less strongly to the surface which results
in a lower transition barrier. But the barrier from the state c’ towards the product
CO2 (state e’) becomes as high as 0.81 eV. This is because the O2 in the state c’
is in the -1 charge state (O2 −1 ), whereas it is O2 −2 in the state c at the ground
state. Therefore, the O–O bond in the state c’ is much stronger than that in the
state c. It is thus much more diﬃcult to break the O–O bond at excited state.
It seems that either the ground state or the excited state PES alone cannot
properly describe the photo-oxidation of CO. However, by combining them, an
possible pathway for the CO oxidation can be revealed: a → a’→ c’ → c → e. In
this path, O2 molecule in the state a’ captures a hole ﬁrst when transforms to the
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Figure 5.7: Potential energy surface for CO oxidation and photo-oxidation, the
initial state is a horizontal O2 adsorbed at the Ov with an CO molecule adsorbed at
the adjacent Ti site. The energy of the initial state is taken as zero. The O-O-CO
c
complex forms in the circled state i. Reprinted from Ref. 94 . Copyright ⃝2014
American Chemical Society.

bridging geometry as in the state c’; then it captures an electron (state c’ to the
state c) and oxidizes the CO molecule to CO2 (state e) by overcoming a barrier
about 0.34 eV.
Similarly, we found another eﬃcient two-step path which involves the NP O2 :
a → a’→ i’ → i → k. This pathway should be more eﬃcient than the one suggested
previously (a → a’ → c’ → c → e). Firstly, the state i’ is more stable than the
state c’ by 0.06 eV and the transition barrier from a’ to the state i’ is also lower
by 0.04 eV than that from a’ to c’; secondly, the barrier from the state i to k (0.13
eV) is smaller than from the state c to e (0.34 eV) possibly due to the formation
of the O-O-CO complex in the state i. Interestingly, the formation of a similar
O-O-CO complex was proposed to be essential for the catalytic oxidation of CO
on Au deposited TiO2 surface 166 .
The mechanism is consistent with the oﬀ-norm desorption 17 behavior of CO2
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found in recent experiments because the molecular plane of the O-O-CO complex is
perpendicular to the bridge oxygen row of the rutile (110) surface. Apparently, this
mechanism can also be applied to high O2 coverage case because the NP O2 also
appears in the most stable conﬁguration at high coverage as well. It can directly
capture an extra electron and oxidize the CO molecule. Recently, the kinetic of the
CO2 evolution suggested that the CO photooxidation is a multi-step process 167 .
A two-step mechanism which is almost the same with ours was proposed. Further
more, it was found that angle dependence of CO2 desorption at both low and high
O2 coverage 167 is essentially the same which supports our assumption that the NP
O2 is responsible for the reactions in both cases.
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Summary and Outlook

We have studied some typical photocatalytic reactions and basic processes on
TiO2 surfaces. At ﬁrst, the photodecomposition of H2 O was investigated systematically. To do this, a slab surface model with both sides relaxed was selected
and the free and trapped hole were characterized. The oxidation of physisorbed
and chemisorbed H2 O molecule by the trapped hole on rutile TiO2 (110) surface
indicates that the energy and symmetry matching between the hole orbital and
the HOMO of the molecule is important, because the hole is transferred via the
anti-bonding orbital resulting from the hybridization of these two orbitals. The
oxidation of chemisorbed H2 O molecule by free and trapped hole on rutile (110)
surface shows that the oxidation by the free hole is energetically much more favored
(more exothermic with lower barrier). The oxidation of chemisorbed H2 O by the
free hole on rutile (110) and anatase (101) surface suggests that photo-behavior
of the molecule is closely related to its electronic and chemical properties on the
surfaces at the ground state: the dissociation of H2 O on anatase (101) is quite
endothermic with a high barrier, but its HOMO is near to the VBM of anatase
(101) surface, and the concerted hole transfer on anatase (101) surface helps to
lower the dissociation barrier; while for H2 O on ruitle (110) surface, concerted hole
transfer is not feasible because its HOMO is too deeper in the valence band, but its
dissociation upshifts its PDOS a lot and it is less endothermic with a much lower
barrier than that on anatase (101) surface, which is why it favors the sequential
way.
Therefore, it is easy to understand why the mechanism of the photoreaction
may change greatly with the adsorption conﬁguration (even the coverage) of the
molecules and the surface structure. This is because the electronic and chemical
properties are usually sensitive determined by the inter-molecular and moleculesubstrate interactions. However, it is not straight forward to get the general picture
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of the molecules’ photo-behavior just from their ground state properties. For
example, the dissociation of HCOH on the anatase (101) is not feasible at the
ground state whereas its oxidation by the free hole is highly exothermic with a
pretty low barrier; another example is that the hole greatly lower the barrier for
the O2 to crawl out the oxygen vacancy on the rutile (110) surface. Therefore,
great attention must be paid when the molecule’s behavior varies signiﬁcantly with
their charge states. But it seems to be safe to tell that these two molecules can
easily capture the hole by simply looking at their electronic structures. It is also
important to investigate the reactions on diﬀerent material and diﬀerent surfaces of
the same material. For example, we already showed that the photodecomposition
of H2 O on the rutile (110) and anatase (101) surface can be quite diﬀerent. Some
studies have shown that the anatase (001) surface has higher activity than the (101)
surface 168 , but theoretical calculations related to the photoreactions have barely
been done. The relationship between the surface structure and the reactivity could
only be established by investigating the reaction on diﬀerent facets.
Another way to ﬁnd the general principles about photocatalytic reaction is to
study the same type of reaction on the same surface but with diﬀerent molecules.
This is why we carried out a comparative study on the photooxidation of small
RH type molecules which includes H2 O, CH3 OH, HCOOH, and HCOH. Similar
to H2 O, the ﬁrst proton coupled hole transfer process for other three molecules
are all concerted. The results suggest that both the kinetic and thermodynamic
eﬀects should be taken into account in the hole transfer process and a scale of
hole scavenger power for these molecules can be proposed: HCOH > HCOOH >
CH3 OH > H2 O.
On the environment aspect, we studied the photocatalytic abatement of CO
and NO. These are reactions which involves the formation and/or breaking of non
R–H bonds. For the photoselective catalytic reduction of NO with NH3 , we found
that the light illumination only helps to decompose the NH3 and the formation of
the NH2 NO complex, and the thermal decomposition of it is the rate determine
step for the overall reaction. Photooxidation of CO by O2 , which is the simplest
bi-molecule photoreaction, turns out to be quite complicated. It was found to be
a two-step process in which both the photoexcited electron and hole take part in
the reaction, we have to combine the potential energy surfaces at the ground and
excited state to ﬁnd an eﬃcient pathway. A molecular mechanism was proposed
which is consistent with various experiments.
In a word, we have studied some basic photocatalytic reactions on TiO2 surface. The results can well explain some experiments and help in understanding
general photocatalytic reactions. Apparently, more work awaits to be done. For
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example, most of our studies focused on the RH type molecule, other type of reaction, such as the breaking of C–C bond, C–H bond for the mineralization of organic
molecules, the formation of C–O bond and C–H bond in photosynthesis, still need
to be studied. On the other hand, experimental techniques have been developed
to study the photocatalytic reaction at the single molecular level. For example, scanning tunneling microscope (STM) has been applied to study the photocatalytic
reaction of H2 O 15 , and photochemistry of O2 on the rutile (110) surface 19 . STM
is an powerful tool to explore the geometric and electronic structures of molecules
adsorbed on the surface. Its high resolution allows one to trace the reaction at
single molecular level. However there are many uncertainties in STM experiments,
for example its resolution usually only allows one to locate the adsorption site of
the molecule not its exact geometry, and it can not trace fast processes. Thus,
it usually needs the support of theoretical calculations. Combining ﬁrst-principle
method with STM experiment will be an eﬃcient way to study the photocatalytic
reactions in the future.
In addition, our calculations are basically on the solid/gas interface. We
haven’t taken the solvent eﬀect into account to study the reaction at solid/liquid
interface. The implicit and explicit solution model may be applied, more interesting eﬀects and phenomena should be expected from these kinds of study. The
reaction of molecules with OH radical could also be interesting, it has been proposed to be the oxidizing agency in many reactions while some other studies suggest
that its role is overestimated. Besides, we can continue to study other reactions for
diﬀerent molecules on the surfaces of various materials such as Cu2 O and CeO2 .
A general understanding about photocatalytic reaction at the molecular level will
deﬁnitely help in improving the performance of the material and designing new
ones that allow us to take advantage of the solar light eﬃciently.
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